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Coadsorption Chemistry of Hz and CZNZ on P£(lll;: A Common
Intermediate in the Hvdrogenation of Cyancsen and the

enediamine on 2= /11l1).

(o)

Dehyérogenation of Ethy

J.R. Kingsley, David Dahlgrsn and John C. Hemminger
Department 0f Chamistry

a, Izvine

University of Califo

31
o3

s

Irvine, California 92717

The aéso:pﬁicn of C2N2 on P2(11ll) results in t#o descrprizn
states (a,3), The a state, Tmax = 368K, is due to the descrp:tion
of molecularly adsorbed CZNZ' The ¢ state, Tmax = 780X, mav be
due to the recombination of adsorbed CN groups c¢r the deccmsc-
sition of an extended (CN), polymer. Coadsorption of H, and C.N,
results in a surface nitrene which deccmposes to give back H, and
C2N2 at 430K, Deccmposition of athylenediamine resulis in the

-

same species. Dehydrogenation of ethylene-d,-diamine shows tha

o

the amine hydrogens are removed first in this process followed at
430K by the removal of the hydrogens from the carbons liberating

CZNZ as the final product,
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1. INTRODUCTION

Recently there have been several studies c¢cf the bending and

%3 chemistry of organic cyanides cn the surfaces c¢c£ a variezy oF

single crystal metals; CHBCN (10), CH3NC {10y, 4CN (2,3), C Nz

o3 (1,2,4-6,10,12-14), and C4N4H6 {11} have bean <tk obiects of

studies on various surfaces of P+, Ni, ané Cu.

~

The oxicdation of C,N, has been studied on Cull). Ths thermal
L
o chemistry of C2N2 nas been studied praviously cn 2-/100) (4,12,
2 14y, Pe(llC) (2,6), P=(lll) (12) ané a s:eppad P surface wizn
P£(11ll) terraces (3). Only C2N2 is observed as a Jd=2sorpiicn
Pl product from Pt surfaces. In all of these casss thres descrpticn
k] -
ﬁ states are observed (a, 31, 32). The a staz2 desorbs in the
B
) tamperature range of 370 K (for the 2t(lll)) to 460 X (for <the
‘. Pt(110) surface). The Bl state desordbs in the range 630 X - 699
.
?§ X. The 8, state desorbs in the range 750 X to abova 8CJ X. The

present interpretation of the a state is that it is due tc mole-

cularly adsorbed cyancgen. Two interpre<aticns cf <he 3 states

LN
o 0 T X

| I

have been put forward. Lambert, et. al. (2) have suggest2d =thz-s
the 3 states are due %to0o the reccmbination ¢f£ CN grcups, wnilsz

Netzer, et. al. (4) have prcposed the existanca &f a gparacyancgsn

L Gl 408
NNY.

o like cverlavyer.

Uy

B In this paper we describe &the chemis:tryv of 3232' the ccac-
;1

e ¥}

' sorption chemistry of Hz and CZNZ’ and +the decomposizicn of

ethyleaneciamine on 2%{11ll).
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2. EXPERIMENTAL L

s

3
it All experiments were performed in a stainless stesel ultra-
1
high vacuum chamber with a base pressure 9% less than 1 X 10 °
.5 torr. The system is equipped with four-grid LEED opiics, a UTI ]
X

100C quadrupole mass spectrometer and an 2argon icn gun. Agger

analysis was performed by using the LEZD op%tics as a retardiag

o«
‘0-.

.

field analyzer., The mass spec-rometer is multiplex=i wizh an I3M

)

Psrsonal Computer, which performs at sufficient spe2d =c allow

“he monitori

~
>

o

- 1 - - K - —c-—‘ -
g 0f silXtesn separats masses and <he TryYysctal =a2mTter-
] = P B

EVA
Al
]

ature avary second. The Intsl 8037 ma+<hsmz=ics covracessar is

used to aid in signal averaging of ths mass and +temgerazture

: signals and in evaluating a fourth order polvnomial o corract p
L for non-linearities in the thermocouprles vol:zacge, The computer

3
>
0

as also been set up to take Auger spectra ané to produce hard-
copy output on a dot matrix printer of both the Auger and thermal

desorption spectra. .

LYy

The crystal used has approximately 0.5 em  surface azez on

both sides and is 1.5 mm thick. The crystal is spct-welded :o a

LS

Platinum wire which is attached be%wean =wo coDZer rods. The
- crystal is resistively heated by a dc current through the cogpper
£ rods and the spot welded Pt wira. The temperature ramp is forcad :
5 - - o
‘ -

n
r
9)
(]
or
o
@
[a]
4
|

to be linear by a simple feedback circuit which sense

ocouple voltage and controls the d¢ power supoly.

h The crystal temperature 1s monitored by 3 chrcomel-alumel
A
} thermocouple spot-welded to the edge ¢f the crystal. The corgper ;
¥

rods are alsc in %thermal con%=act through sapphirs washers wish 3 i
. .
o .
L}
‘T’

Y
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reservoir of liquid nitrogen which allows cocling of the crys=al

3\ v
to 100 K.

pat

7y All gas exposures wera performed in the pressurs rangas of 1 X
2

-9 -8 .

_ 10 torr to 5 X 10 torr. Pressures wer2 rsad directly from
Iy

4 the ion gauge without correction for sensitivity ralative %o N, .
A The reagents in this experiment were used wizhout fursthery purifii-

cation before introduction to the vacuum sysztsm. The ezhylena-
By diamine and the ethylene-d4-diami:e, whizch are liguids 2t rczenm
temperature, were degassed by sever:l frsecze-gums-thaw CyCl2s.,
The scurces and stated puriziss 2% <he r2ag2nts wsra2 1 TR2u-

S = [ ~., . 3
um, Macheson - purizy 99,3%, {2z Cwancgen, Liniz - T

)

e

~

F s

W

ot
3

* 98.5%, (3) ethylenediamine, Fishzr - 33.2

amine, MSD - purity 99.5% (lo:

\

“
(2
w
o
w

[}
.

<‘l
Ay o fae

The Pt (1lll) crystal was cleaneé by szandard techniguoaes oI oo
- bombardment, annealing and coxvgen treazmen:ts., Cars was zaksn =3
& avoid any contamination of the crystal by strongly beocund oxyz2n
which has been shown to affec: the chemistiry of some hydrocarzons

on platinum (9).

-y

3. RESULTS

aVavally:

<
.

3.1 Cyanogen on Pt{lll)

B R

L N Y

When cyanogen was adsorbed on P«’lll' 2= 25

g

&
(V]
ey
(9]
3
b
W
o |
»

3
]

crease in background was observed in znhne LITC patctern, ToIn siiW
5 heating of the sampl2 no ordering was ozserved,
; Thermal desorption spectra (T3S oI CTyv, aiscrzed at 233 X an
) P=(lll) as a function ¢f coweraza ar2 sn3wn in fiz. L. The 2

- .
et et
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peak (Tmax = 368 K) desorbs at a lower temgeraturs from the {1l1ll)
face of Pt than has been seen from P-(100) (Tmax = 12 X (4)),
P£(110) (Tmax = 463 X (2)) and Pe{s) (3 (1il)x(1l1}) (Toax = 4035 X
(S§5)). The 8 peak (T = 780 K) at moderate to nigh coverages s

‘max

very broad and shows 10 characteristic differentiaticn into two
peaks (8, and 8,). Even at low coverages, whers typically 3, is

the pradominent peak, only a single peak is seen. In comparison

to the peak temperatures for th2 3 peaks on the other P: surfacas
studied the 8 peak in this 2xperiment is most similar fc 3,. On

t*he other nand 31 is -y
3]

w

5 only showiag :

3, peak at high coveragas. Nc assignmenz 2s to 3, or 3, is made
b - -
in this study. This is consistent with the experimsnts oI Hoff-

mann, et. al. which aliso do nct cleanly resolvs 3, and 3, states.
The ratio of integrated intensi:y in *he 2 state to the 3 sta=s
is approximatsly 0.5 as saturation covarage.

Our results are in good agreement with the rpeak <emperatura

for the a statas as reported Dbv Hofimann, =t.al. Howevar,

our observed a/3 intensity ra<io is verv different from +ha:
. . e 12 e e ae

repcrtaed by these authors. Quantizative measursments cI the ,

desorption from the crystal suspension, which zhey mentiocn 2s an

experimental problem. Also the adsorp=ions of C

Hoffmann, et.al. ané this may conzribute o %h2 enhznced 31/2

ratio.
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The carbon and nitrogen coverages on
lowed with Auger electron spectrcscosy. T-e AES specirum oI a
saturation coverage layer 2t 285 K showed 2 C to Pt intens
ratio (I at 272 to I at 237) of +0,44, The C =0 N incensity
ratio (I to 272 to I at 381 corrected for +%he P% intensity
381) was 0.7.

3.2 C2N2 Coadsorbed with H

The coadsorption was performad by £irst adsocrbiag, a:t 283 K,

N

10 Langmuir of H, followed by the cvanogen 2axzosur2, Sevaral
experiments were 2lso carrisd cut wisth thes orossita adsorozicn
order., After the inicial exposurs nc LIZIZIT p3<zsrn wi3s otsarvad
nor was any observed during 2z slow heatiang of zhe sample.

Several sets c¢f typical TDS da<a Z2r mass 22 z2rs snhcwn In

£ig. 2. As can be sesn, a new C,N, peax zppears whan cyancgen is
coadsorbed with H,. This peak (T,,, = 438 X} is verv sharo, and,

for low exposures of cvanogan, is the only peaX sbsarvzé for mzss
52. Saturation of *his new peax occurs 2t approximaszaly J0.3 L

exposure. Fig. 3 shows the hydrogen descrptior

J
1]
')
[
0
(R
(21
3
th
24
0O
H
7]

clean (H, only adsorbed) and coadscrption experimenzs. In <Com-
paring £fig. 2 wicth fig. 3 iz is seern =zhzz <he H, intensi=zy s

removed from %the normal descrption state and sncws ug 1n 2 naw

state wizh T = 430 X, whi i th me fempsrasura as 7
ish max 0 X, iich is the sa T tare as T

for the new cyanogen peak mentioned atove., The saiiting of zh2
hydrogen intensity =0 the new szat2 is ccmplez2 3T zhe coverzge

of cyanogen vhich c- -raspends <o :the saturazion aysosure (for the
new C2N2 peax J.3L)).

3 and 3 peaks ars se=an 2 Tzcw in a manner similar o Tyansisen on

.
44

B .ls‘ » '...J' 4,.(-(.
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;: clean Pt(1lll). The major difference however, is that ¢the razio
v of peak area, /8, is significantly larger :in the case 0f the
% coadsorption than on the cl2an surface (Fig. 4). T™e ra=zio of
n integrated intensity in the a peak (includin the new 420 X
il state) to the 3 peak 1s approxima:tely 1.1l as opgosed to the value
~

f of 0.5 for adsorption on clean Pt(lll)y., This is no:t %he case if
i Hz is adsorbed after the C2N2. For postadsorbed Hy the 373 ra2:zio
é% is 0.3, t<he same as in the absence of Hz. A similar ennhancamen:
i; of the a peak has been cbservad by Lambers, 2%, 21, ‘6) in =sxpar-
o iments on the coadsorpticn of CZVZ and C0 on 2%.110!. In =2n
;; experimant wnich consistad 29I an exposure oI 10 L of C,yN, and 20

-

o

o]
r

(1}
"

t
y

u
r

)

natad from the desorption spectra. It snhould be

(%]
]
cr

our axperimen he a peaX is somewhat narrower ian the prssencs

A, A4 Ay,

of HZ (compare £figures 1 andé 2). Lamba2r: also coadscrbed 10 L

. CoN, with 0.3 L H, and recorded a significant amount cI HCN
3
9 evolving from the surface oI a P%(ll0) crystal (5}, No  H,

(0

spectrum was reportad in that study. We also nave notsd small

3 amounts of HCN in the desorption spectra. Howaver, a small HCON
.l
M impurity in the cyanocgen makes gquantification of the amounzt of
o)
!
- HCN £rom hydrogenation c¢f surface CN difficulz in ocur exper:i-

ments. The substitution of D, for H, in the coadsorp=ion d:d no-=

resolve this issue since TCN (mass

| P =2 SN

perature as CO (mass 28; which is presen% in small amounts frox

the background. The amount of HCN produced in our =2xderimsnis cn

' YO

. the Pt{lll) surfaces appears O e much sm2ll2r than +<hs amcuns

obssrved by Lambers, e+, 2l. from <he P2 (113 s:riace. Theg ordsr

el

A

Noan e e mama e .
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in which the Hz and CZNZ w2re adsorbed onrn the surfacs hnad no
effect on the generation of =He 430 XK sra-=2. In either order no

displacement of the initial adsorbate was derected in the m3ss
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In order to investigate whether the new Deak in =ha TS
spectrum of the cyanogen ccadsorbed with H2 425 pCssidly due o 3

diamine (NHZ-CHz-Cuz-de) was alsc studiad cn this surface,. The
onlv procducts sesn in the thermal desorptians fcllowing expcsurses
az 230 K weare Hz, HCMN, 3and :ZNZ {ss=2 Fiz. 5).

The broad but well-defined naturs of the H, Jescrprizn soao-
-

tra suggasts the existence of :two overlaoping HZ DezX3s possizly
coming rrom <tne sequential denhvdrcgsnation c¢f <rhe amina ans
methylans groups. To resclve this guesticn the e<hylensdiamins
éxperiments wera repeatad using =n2 selactively deutera-=23 2thvl-
ene-d4-diamine (NHZ-CDZ—CDZ-NHZ). The thsrmzl descrgtinn spechra
for the Hy, HD and D, are shown in Fig. 6a. It can clearly be
seen that “"he amine groups dehydrogenate at or 3us:t above the

p!
LA
Q

[

phencmenon is discussed telow. TFTig. 53 alsc shows a summzzion 2F
the Hy + HD - 2, desorption spectra 2and :tihiis summation Is

. , . . -
parad %0 the dz 2e32rosizsn spectra Irom undautzratad 2thvlana-
z S h

3 3 ~ - N . . =]
diamine., The agrsament is va2ry geood.




4., DISCUSSION

4.1 C on PL{lll)

2¥2

The thermal desorption spectra of cvanogen from P=(1ll} in

)

7
2

out wizh other Pt surfaces ((100), (110)

/)
v
3
Qs
n
ot
D

U

‘g
1Y
[N
¢
)
)2

(;

1]

low temperatures a peak exhibits no shift in peakx tamperazux

s Xy
-3
1
v

O
bty

over the exposure range 9f£ 0.1 to 10.0 L, which is indicative

‘ 1 Yo s N ~ 3 = Y= o = I= AN
: a firs:c ordesr Xinetic desorption process. Using IZ&wzIls rI=2.:2-
,
(‘ a-ioqs'-\.'—q LT RSN - 0.\-1 PRI I = Foy SA -y PO - FURTS
tlionshiz batwsan T , the width oI the dascrotion peax ani =he
e - max S s
hE activaticn energy oI desorpeicon (7} Zor first crisr Zascrzoicn
L)
, . . 1 -
Y3 K1natlcs, <he actlwvatlon enargy oI descrozisn Ior zhe 2 sTs=3k, is
I'-
&)
q - M bl A - v = T - - - e N
‘ found o de 10.3 Xcal./mola. As we 2xpecsz, This is silighzly 1285
= M - ’ v 5 Ty - - - - =
, than the value of 12.4 kczl/mole £.u2ad oy Nazzar Sor =he 31 2=3X
yoo K z
Ll
':'. £ an an Fra P=(200) (4 Lo Fame oemnge o4 - = iz sgaasm
- of cyancgen ZIrcom 2= (:00) (4). The facs 3T cThe 2 Des< 15 se=
Lh"
L
.
p [} -
. 1 K - e < = LRy - - ~
- to be Zirst order on all the ?: scrfacaes thus far szudied
1. - ! -~ - - a -3 -
3 strongly supports the hypcthesis %hat the 2 ez s “ns desorcs

2 desorption kinetics of the 2 stats on Pt(lil) which will allow an
independent measurement of the ©preexsonsntia
~£ energy is ncw underway in our laboratory.

Li The 3 peak as shown in Fig. 1l exnhidits 3 decra2zs2 in the Deak

Ty temperature from T = 780 X at 0,1 L exposure =0 T = 75

N :
$~ at 1.0 L expcsure. Above 1,0 L :the peakx tamperzzure s 3e2n S0

increass to Tﬂax = 815 X a% a sazuratisn a2xscsura I 12.0 L,
o
‘ . . . .
A Lambert's interpretation of the 8 state as rzcemtinzzica i TN
Oy
E§ groups would accoun+t for the apvarant sacond crisr naztire 52I =he2
-~ 8 peak a2t low covaragss. Howavar, the fact the ps3% -a2mtsrzcova




rises for exposures greater than 1.0 L precludes the assignma:nt
of this peak *o simple second order kine“ics.

Based on Tmax for the a peak of cyanogen desorption repcrted

N Rt T
‘»‘,n .- ‘—’4‘

in the literature combined with this work, the order ¢f activity

5 of Pt surfaces is given by:

5

- Pt(111l) < Pt(100), Pt(stepped) < P&(1ll0)

i

" This same order correlates well with :he relative areas under =he

o] 3 peaks of cyanogen comparad %to the ¢ peak at sazurazion. On -
% clean P=(1ll), the integrated intensity of the a peak Is «»32% of

" integrated intensity of the 3 peax a%t sz:zurasticn., On P=/10C° and .
g :
= Ptistepred) <he 2 stats ccn+=zins roughly 25% of the Iintegrazad

Py

3

intensity seen in the 3 peak. Sn P (lLll) the a2 pezx is zlmost
e nonexis<tent, with an integrated intensi=zy only 3-10% oI <cha 3
peaks. This trend can be seen t0o exteni Lo two, mors ac=-ive

first +transiticn series elsments Ni(lll)(l0), which leais =2

AN

complete dissocia*ion resultiag in N, Production and Cu/llli: (1)
where it is seen that cyanogen desorbs exclusively from the 3
b state and the 3 state shows only weakly a% very larze exposurss.

On the other end of the spectrum, cvanogen desorpiicn {rom

Ag(l10) (2) shows only the a2 stazs. We feel zthat the ralative

insensitivity of the 3 states to =he siructure of the 2% surface

2 favors +the concep: of a paracyanogen tvoe structurs for the 3 ;
- . _
> state as proposed by Netzer, Howevar, the recombinazion oI CN y
¥

- grou®s can not be ruled out without £further sgecirsscoric

‘ ] 3 B . - . . . - . PN

ﬁ; studies. Cembining our results with pravious resu.ts 10 Ine Y
g , . . - :
b literature leads us to %he more complaste order of reaczivity of

the transition me%al surfacss studiad o dzz2 towaris CT.N,.

o '
-

™,

2
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